In this paper, it is elucidated that the total deformation (TD), defined as the square root of the sum of squared stretching deformation and squared shearing deformation, is an invariant independent of the coordinate system used. An idealized flow field is then constructed to demonstrate the confluence effect of a non-divergent and irrotational deformation field on moisture transport. To explore the characteristics and role of TD, one heavy rainfall case that occurred in the middle and lower reaches of the Yangtze River (MRYR) over China, associated with a front with shear line, is analyzed using the Weather Research and Forecasting (WRF) model output data. It is found that right before the occurrence of precipitation, the effect of the confluence induced by deformation on moisture transport provides a favorable condition for precipitation.
Introduction
Among the basic variables that describe the atmosphere, namely, temperature, pressure, humidity and wind velocity, only wind velocity is a vector. At the mesoscale, where the characteristic scale is less than the Rossby radius of deformation, it is known that the wind field determines the mass field through geostrophic adjustment (Rossby, 1937 (Rossby, , 1938 Yeh, 1957; Yeh and Li, 1982; Zeng, 1963a,b,c) . At the even smaller, convective storm scale, the importance of wind field is even more evident. It is known that the environmental wind profile has a strong control on the storm types (Weisman and Klemp, 1982) and storm dynamics (e.g., Walter and Thorpe, 1979) . The environmental helicity, defined as the dot product of the environmental velocity and vorticity vectors, plays an important role in the storm longevity and the ro-tation characteristics of thunderstorms (e.g., DaviesJones, 1984; Etling, 1985; Lilly, 1986a,b; Droegemeier et al., 1993; Lu and Gao, 2003) .
The importance of the wind field has been recognized by many researchers. Petterssen (1956) showed that a 2D linear wind field could be expressed as a combination of translation, divergence, deformation, and vorticity components. Other researchers, including Wiin-Nielsen (1973) and Norbury (2002) , have also discussed the above properties of wind fields in some detail. Traditionally, the divergence and vorticity are two quantities that have received most attention. The prognostic equations for vorticity and divergence derived from the equations of motion have been used extensively in the literature as well as in textbooks for studying dynamics of fluid flows and various atmospheric phenomena (Wu and Tan, 1989) . The deformation has, in comparison, received much less attention except in studies of frontogenesis. For certain types of precipitation systems, such as those associated with the eastern China mei-yu front, the largescale flow pattern often exhibits a dominant deformation pattern at the low levels while the divergence and vorticity are sometimes of smaller magnitudes. For these types of systems, it is important to understand the role of deformation, in the triggering and maintenance of the precipitation, and to gain insight on the time evolution of the deformation field.
In section 2 of this paper, an idealized flow model is first constructed to demonstrate the confluence effect of non-divergent and irrotational deformation on moisture. In section 3, it is shown that the total deformation is an invariant independent of the coordinate system used. A prognostic equation of the total horizontal deformation is derived. In section 4, one heavy rainfall case associated with a mei-yu front in an almost east-west orientation over eastern China is numerically simulated and analyzed. In section 5, the deformation field and its role associated with the heavy rainfall case are diagnosed and analyzed using the Weather Research and Forecasting (WRF) model output data. In section 6, the relative contributions to total deformation of the terms in the total deformation equation are analyzed for the rainfall case. Conclusions are given in section 7.
An idealized flow field model
A pure 2D deformation flow is non-divergent and irrotational. For this reason, it by itself does not produce vertical lifting at the low levels or create convergence through the Ekman pumping effect. But deformation is important in frontogenesis. It increases the horizontal temperature gradient, and therefore baroclinicity through advection, which also leads to frontogenesis. In addition, the deformation flow can play an important role in advecting moisture into a precipitation region.
To illustrate the role of a deformation-dominated flow field that is typical of the flow pattern associated with the mei-yu front, an idealized flow field of the typical "saddle" pattern is constructed. Our idealized flow field is constructed through a linear combination of two functions. Function 1 defines a vortex (Luther White, personal communication, 2006) 
. . This vortex contains two free parameters, n and R 0 , where n is an integer, R 0 is a characteristic radius, and R the radius from the vortex center. This vortex looks like a smoothed version of the Rankine combined vortex (Harasti and List, 2005) ; in particular, it avoids the singularity point associated with the Rankine combined vortex at R = R 0 (Fig. 1) .
Note that, here, V T is the tangential wind speed with the vortex, V 0 the maximum value of V T at radius R 0 , and R is the radius for the constructed high and low circulations.
And function 2 specifies a pure deformation flow: of them gives
where
where m = 1, 2, 3, 4 denote the No. m quadrant;
where the total grid points are 101 × 101,
are the four centers of constructed high and low circulations. The deformation coefficient b = 1.6 × 10 −5 . The center of the flow region is at the origin of the coordinate system. The velocity is calculated on a 101 × 101-grid at a grid spacing of 60 km (i.e., we take ∆x = ∆y = 60 km). In Eq. (1), α is a weight determined by
where ∆x is the grid spacing. R 0 = 1200 km, R 1 = 900 km. This idealized flow (Fig. 2) consists of two highs (anticyclones) and two lows (cyclones) and an eastwest confluence zone exists between the high-low couplets to the north and the low-high couplets to the south. In the confluence zone, both vorticity and divergence are actually small or zero while deformation is large (Fig. 3) . The value of deformation is 3.2×10
−5
in the middle part of the domain (region with orange shading in Fig. 3a) , while both divergence and vorticity are zero in this region (Figs. 3b and 3c) . Note that the two rings of blue and orange in the divergence field are the results of the truncation errors in the finite difference calculation and the discontinuity between the regions where the flows are defined by different functions. The same reason leads to the two rings in vorticity and deformation fields.
For typical mei-yu frontal systems, the horizontal temperature gradient is usually weak, and therefore the classical frontogensis processes associated with deformation flow are less important. An uniform background potential temperature and an initial background relative moisture field (noted as q) are assumed as functions of y. And q is specified as q = 0.9 − 0.008(y − 1), where y is the grid index in the y direction. Subject to the advection of this flow, the isolines of relative humidity after 6 hours are concentrated distinctly towards the confluence region of the "saddle" field, while the isolines after 12 hours become even denser (Fig. 4b) . After 36 hours, the isolines become much more concentrated (Fig. 4d) , indicating a buildup of strong moisture gradient along the confluence zone. In the case of three dimensions, vertical motion along the confluence zone will cause the upward transport of the moisture brought in by the horizontal deformation flow.
Often, the moisture gradient zone is not parallel to the confluence zone. An example of such is when the initial relative humidity (q) is specified by q = 0.9+0.008(x−y), where x is the grid index in the x direction. Figure 5 shows the evolution of this humidity field subject to the advection of the same idealized flow. The contours of relative humidity also become more concentrated as in the previous case; moreover, the orientations of these contours become more and more parallel to the confluence zone (Fig. 5) . Eventually, the zone of strong moisture gradient becomes parallel to the confluence zone.
In the real atmosphere, this type of "saddle" flow is often found. Moreover, it is often associated with precipitation. Since the vorticity and divergence are small in such a flow while the deformation is large, even in the absence of a distinct temperature gradient, heavy precipitation can result from the confluence associated with the deformation, through the focusing effect on moisture. The richness of moisture in the confluence zone provides a favorable condition for moist convection, although the actual triggering of convection is usually provided by something else, such as upper-level lifting by a short-wave trough, or weak but still present low-level convergence Maddox et al., 1978; Caracena et al., 1979; Maddox et al., 1980a,b) . These will be discussed in detail for two real precipitation cases in sections 4 and 5.
Total deformation and its prediction equation

Total deformation
In Petterssen (1956) , it is shown that a twodimensional velocity field, (u, v) , can be approximated by a truncated Taylor series,
where u 0 and v 0 are velocity components at the coordinate origin, and
which are, respectively, the divergence, vorticity, stretching deformation, and shearing deformation. The equation shows that a 2D flow can be locally expressed as a linear combination of the above four quantities. Total deformation is usually defined as E = √ F 2 + r 2 (Petterssen, 1956; Keyser et al., 1986 Keyser et al., , 1988 Norbury, 2002) . We show in the following that the magnitude of total deformation is independent of the coordinate used, the same as the divergence and vorticity.
We rotate the (x, y) coordinate system anticlockwise by angle θ, into a new coordinate system (x , y ). The coordinate transform relations are and x = x cos θ + y sin θ and y = y cos θ − x sin θ. Therefore, it can be shown that
, where prime denotes the quantity in the rotated coordinate. This says that the magnitude of total deformation is independent of the coordinate system. For this reason, the total deformation is a more meaningful quantity to analyze than the individual components of the deformation, and it will be the primary quantity we examine in this paper. In the next subsection, we will derive the total deformation equation.
Total deformation equation
The horizontal equations of motion in the pcoordinate are
By the operation of
we obtain the equation for total deformation, E,
where 
Here, V is the 3D wind vector and ∇ h · V is the horizontal divergence and ω = dp/dt is the vertical velocity in pressure coordinate. From Eq. (5a), we can see that the local change of total deformation is caused by advection (term1), horizontal divergence (term2), the term related to β-effect (term3), the pressure gradient term (term4), the vertical velocity contributions (term5), and the term related to frictional force and/or turbulence mixing (term6).
The physical meaning of each term
For the convenience of discussion, we can choose our coordinate so that the shearing deformation is zero. We consider a pure stretching deformation field defined by u = αx and v = −αy. The flow described by this set of equations in the region close to the coordinate origin is the typical flow pattern associated with a two-high and two-low arrangement (see Fig. 2 ). For this flow, ∂u/∂x > 0 and ∂v/∂y < 0, and in the first quadrant u > 0 and v < 0.
Term1 in Eq. (5a) represents the advection of total deformation. The sign of this term (−V · ∇E) is determined by the angle between the velocity vector and the gradient of total deformation. When the angle is less than 90
• , the projection of V on −∇E is positive, so term1 is positive; otherwise, the term is negative.
Term2 represents the change in total deformation due to horizontal divergence. For a pure deformation field, V h · V = 0, so this term is zero.
Term3 is a term that is related to the β-effect or the longitudinal gradient of Coriolis parameter f . Its sign is determined by the interaction between u and ∂f /∂y under the new coordinate (which makes r = 0) system.
Term4 represents the effect of pressure force. Under the assumption of a pure stretching deformation flow pattern, it can be rewritten as
Its contribution to the total deformation is determined by the combination of the shear in the x and y directions of pressure force (x and y represent the new coordinate axis under which the shear deformation is zero.). Its contribution to the change of total deformation is determined by the interaction of signs of the components.
Analysis of the rainfall case in July 2003 over China
The role of vorticity and divergence during the occurrence and development of torrential rain events has been investigated extensively in the literature (e.g. Herbert, 1954; Stanley and Michael, 1978a,b; Liebmann et al., 1998; Davidson et al., 1998; David and Anderson, 2001 ), but the role of total deformation before the occurrence and during the course of heavy rainfall has received much less attention. Bluestein (1977) studied the synoptic-scale deformation related to tropical cloud bands. Significant correlations were found between the cloud bands and the orientation of the axis of dilatation of objectively analyzed nondivergent winds at the lower troposphere. But studies on the correlations between deformation and precipitation are few. For this reason, one heavy rainfall case associated with the East China front is selected to explore the characteristics and role of total deformation before and during the rainfall events. The orientation of the rain band was almost east-west in the rainfall case.
A heavy rainfall event associated with a mei-yu front occurred in the middle and lower reaches of the Yangtze River (MRYR) over China from 0000 UTC 4 July to 1200 UTC 5 July 2003. The rainband was oriented in the west-southwest to east-northeast direction. The mei-yu front formed before the onset of precipitation and was maintained during the course of precipitation. Figure 6a shows that at the 700-hPa level, there is a zone of high equivalent potential temperature, θ e , that clearly marks the mei-yu frontal zone that stretches in the northeast-southwest orientation between 27
• N and 36
• N. Along this zone, especially near the northern edge of this zone, a line of strong confluence exists that is also a shear zone (Fig. 6b) . This confluent shear zone is a result of the large-scale flow pattern that consists of a subtropical high located in the northwestern Pacific, a mid-to-high latitude low centered to the north at 48
• N and 126
• E, and a general anticyclonic flow pattern over much of China north of the Yantze River. This flow pattern differs from the classical "saddle" type deformation pattern for the lack of another low to the southwest and the oversize of the subtropical high. The result of this is the existence of a significant amount of shear or vorticity along the confluence zone. At the 200-hPa level, the precipitation region is dominated by a divergence flow along the northeast edge of the South Asia high (not shown). Therefore, the low-level confluence associated with the deformation flow pattern and the upper-level divergence set up a favorable circulation pattern for heavy mei-yu precipitation.
In order to obtain data at higher spatial and temporal resolutions for the above case and to use the data for a diagnostic study, we performed a numerical simulation using the Advanced Research WRF model, initializing the model using the archived 1
• × 1 • NCEP/NCAR (National Center for Environmental Prediction/National Centers for Atmospheric Research) real-time global analyses data. The Advanced Research WRF (ARW) dynamic core uses compressible, non-hydrostatic equations.
It uses the 3rd-order Runge-Kutta time-integration scheme (Wicker and William, 2002) . For our simulations, the physics options used include the Ferrier microphysics scheme and the Kain-Fritsch cumulus parameterization scheme (Kain and Fritsch, 1990) , the MediumRange Forecast (MRF) boundary scheme (Hong and Pan, 1996) , Dudhia shortwave radiation (Dudhia, 1989) , as well as the Rapid Radiative Transfer Model (RRTM) longwave radiation scheme (Mlawer et al., 1997) . The NCEP analyses at 6-hour intervals are used as the boundary conditions. The center of the 27-km resolution model domain is at 32
• N and 117
• E and has 181×161 grids in the horizontal and 31 nonuniformly-spaced terrain-following levels in the ver- −1 ]. Due to a lack of observational data over the ocean, the simulated precipitation cannot be validated there. Nor are there any precipitation data over the Korean peninsula either. Otherwise, the general precipitation patterns along the Yangtze River match rather well. Thus, the simulated data will be used for diagnostic analysis.
Diagnostic analyses of total deformation and its relationship with precipitation
To examine the possible prognostic value of the total deformation field, as compared to the divergence and vorticity fields, these three fields are plotted in Fig. 8 at 700 hPa at 0000 UTC 4 July 2003, before the onset of precipitation. It can be seen from the figure that all the three fields show large values along a zone that more or less coincides with the band of the later 6-hour precipitation. The magnitude of absolute divergence is the smallest, with the maximum value being around 4×10 −5 s −1 , while that of deformation is the largest, exceeding 1×10 −4 s −1 . The vorticity maximum is about 7×10
−5 s −1 . This shows quantitatively for such typical flow patterns associated with mei-yu fronts that total deformation is a dominant property of the flow, more so than convergence and vorticity. It is known that convergence and vorticity both have important roles to play in precipitation systems, by producing ascent via low-level convergence forcing, and by inducing low-level convergence via the Ekman pumping effect, respectively. Pure deformation contains no divergence or vorticity, but when it is the dominant property of the low-level flow, its effect cannot be overlooked. In this case, it plays an important role in low-level moisture transport, by bringing in moist air from the south side of the main confluence zone. This situation is similar to that of idealized deformation flow and the associated humidity advection considered in section 2.
Unlike classical cold or warm fronts, the horizontal temperature gradient associated with the mei-yu fronts is not strong-this can be seen from Fig. 9a for the current case. But the gradient of moisture is strong across the front and in the frontal zone (Fig. 9b) . The zone of high relatively humidity at the 700-hPa level is a result of the lifting of moisture by the low-level confluent flow which also transports moisture horizontally into the zone, and the horizontal flow is dominated by the deformation. The results of this case show that the confluence associated with the total deformation focuses the moisture into the confluence zone, which provides a favorable condition for moisture convection. The convergence, though weaker relative to deformation, is still the one that triggers the convection via vertical lifting, but the role of deformation in the moisture transport is also important. Since large values of total deformation are present before the onset of precipitation, it is believed to have significant sense to the prognosis of precipitation.
After 0000 UTC 4 July 2003, precipitation began to occur and the rainband formed (Fig. 10) within the zone of large total deformation (Fig. 11) . During the course of precipitation, the total deformation maximum is located slightly north of the maximum precipitation. Their trends are consistent with each other and both propagate southward from north of 33
• N to 30
• N. Two precipitation bands of more than 22 mm occur between 1700 UTC 4 July and 0000 UTC 5 July, and between 2300 UTC 4 July and 0800 UTC 5 July, respectively. A major band of large total deformation extends from 33
• N at 1800 UTC 4 July to 31.5
• N at 2100 UTC 4 July, and there is a slight increase in the total deformation during this period. Comparing Fig.  10 and Fig. 11 , one can see that the large value of total deformation precedes the 6-hour cumulative precipitation maxima by 6 to 12 hours. The 6-hour precipitation reaches its maximum of 30 mm (6h) −1 at 0600 UTC July 5 (Fig. 12a) whereas the 6-hour mean total deformation (Fig. 12b) reaches its peak magnitude of about 1.35×10
−4 s −1 at 0000 UTC 5 July, 6 hours ahead of the precipitation maximum. The above analysis indicates that the total deformation has a predictive value for the precipitation more than 6 hours into the future.
Based on the above analyses on the rainfall case, some conclusions are drawn as follows. Before and during the course of precipitation, both the location and stretching directions of the band of large total deformation and of the confluent shear line overlap in the lower troposphere. The rainbands are located slightly to their southwest and the stretching direction of the rainband is generally the same as the large-value zone of deformation. The value of total deformation in the lower troposphere increases before the precipitation reaches its maximum intensity, and the time lag of the latter is often more than 6 hours. The magnitudes of both low-level divergence and vorticity are smaller than that of total deformation for the two typical precipitation cases examined, suggesting that the total deformation is at least an important precursor of heavy precipitation of the type analyzed here.
The relative contributions of the terms in the deformation equation
In the previous section, we analyzed the low-level deformation fields for the heavy rainfall case that occurred over China, and discussed the location and orientation relative to the confluence zone and the bands of strong vorticity and divergence. For the case, the deformation is found to have larger absolute magnitudes than either divergence or vorticity. The importance of the deformation field in these systems is evident. Further, in section 3, we derived the total deformation equation. In this section, using the WRF model output, we calculate the right-hand-side terms of the total deformation equation Eq. (5a), except for the friction term, for the rainfall case, in order to gain a better understanding of the processes contributing to the time evolution of total deformation.
For the July 2003 case, since the largest precipitation appears in the region of 30
• -33
• N and 114
• -120
• E (Figs. 7a and 7b ), this region is chosen to calculate the area-mean of the terms in Eq. (5a) and the time tendency (Sum=Term1 + Term2+· · · · · · +Term5) from 0000 UTC 4 July to 1200 UTC 5 July 2003. The time series of these terms are plotted (not shown here). To identify the major processes that are responsible for the tendency of total deformation, the linear correlation coefficients and RMS differences between the sum and Terms 1 through 5 are calculated and presented in −8 s −2 ). The above analysis indicates that the pressure gradient term is a major contributor to the local change of total deformation, whereas the vertical velocity term and the advection term also have considerable contributions. Since the effect of the pressure gradient term is dominant, in the deformation-dominant flow pattern where the high-low and low-high respectively couplet to both sides of the confluence zone, the pressure gradient is not only a force to trigger and maintain this kind of flow pattern, but it accelerates the deformation flow. Moreover, the focus of mass field towards the confluent zone, caused by the advection of deformation flow, has some positive feedback to the pressure gradient between both sides of the confluence zone. Therefore, the pressure gradient force has close relation to the change of local deformation. It is the basic and the dominant factor inducing the change of deformation-dominant flow patterns. Also due to the deformation-dominant flow pattern, the divergence is small. So, the Term2 has the smallest contribution to the local change of deformation. It is evident that the advection will change the local deformation. As for the vertical velocity term, as mentioned above in section 2, in the case of three dimensions, vertical motion along the confluence zone will cause the upward transport of the moisture brought in by the horizontal deformation flow. It plays a role of adjusting the mass field and wind field, namely, the pressure and flow fields, and therefore leads to the change of local deformation.
Conclusions
In this paper, it has been shown that the total deformation is an invariant independent of the coordinate system it is expressed in. An idealized flow field was constructed to demonstrate the advection effect on 2D moisture fields by an essentially non-divergent and irrotational deformation flow that is similar to the flow patterns associated with typical heavy precipitation systems over eastern China, especially those associated with the mei-yu front. One heavy rainfall case was examined to explore the characteristics and role of total deformation before and during the heavy rainfall. Numerical simulation of the rainfall event was performed using the WRF model at a 27-km horizontal resolution and the model outputs were used for diagnostic analyses on the case. It was found that before the onset of precipitation, the confluence effect associated with the deformation and the transport of moisture by such a flow sets up a favorable condition for heavy precipitation. During the precipitation period, both the location and orientation of the band of large total deformation and those of the confluent shear line are almost identical in the lower troposphere. The precipitation band is usually located slightly to the south of the shear line. The value of total deformation in the lower troposphere increases before and during the precipitation. The total deformation usually reaches its maximum value about 6 hours before the precipitation reaches its peak intensity. Therefore, the study on total deformation may be helpful for studying precipitation events, especially for the events associated with the mei-yu front and with deformation-dominant flow patterns.
To identify the major contributors to the change of total deformation, the total deformation equation was derived, in a similar way as the divergence and vorticity equations were. Calculations of individual terms in the equation showed that the pressure gradient term is the largest contributor to the local change of total deformation, whereas the vertical velocity term and advection terms also contribute to the change.
In this paper, only one heavy rainfall case was analyzed. To obtain more general conclusions, more cases should be examined, which is planned for the future. Data of higher temporal and spatial resolutions should be used to explore the relationship between the total deformation and the precipitation in more detail.
